INTRODUCTION
Since the introduction of bulk heterojunction (BHJ) concept to the field of organic photovoltaics (OPV) [1], fullerenes and their derivatives such as [6, 6] -phenyl-C 61 -butyric acid methyl ester (PC 61 BM) and [6, 6] -phenyl-C 71 -butyric acid methyl ester (PC 71 BM) have been chosen as the standard electron acceptor materials for BHJ organic solar cells (OSCs), owing to their excellent characteristics including high electron affinity, high electron mobility, isotropic charge transport property, and the ability to form favorable nanoscale morphological networks with donor materials [2, 3] . However, fullerene-based acceptors have some intrinsic drawbacks, such as weak absorption in the visible region, limited tunability of energy levels, poor morphological stability in thin film blends over time, and relatively high synthetic costs. Thus, increasing attention has lately been paid on the development of non-fullerene acceptors (NFAs) that can be used to overcome the limitations of traditional fullerene acceptors [4] [5] [6] [7] [8] . To date, most of the successful NFAs are derived from strong electron deficient units, such as aromatic diimides (perylene diimides, naphthalene diimides, etc.) [9] [10] [11] [12] [13] [14] [15] [16] [17] , dicyanovinyl [18] [19] [20] , diketopyrrolopyrrole [21, 22] , and benzothiadiazole [23, 24] . Among them, rod-like acceptordonor-acceptor (A-D-A) structured molecules in which an electron-rich fused-ring core is used as a central donor and two strong electron-withdrawing groups are used as acceptors, are promising for high performance OSCs because their optical and electronic properties can be easily tuned by varying the fused-ring core or the terminal groups, in comparison with those of fullerene-based electron acceptors or aromatic diimide-based NFAs [25] [26] [27] [28] [29] [30] [31] [32] [33] . Although the non-fullerene OSCs have achieved a power conversion efficiency (PCE) up to 12% [26] , the variety of high performance NFAs is still finite. Most high performance NFAs are based on a handful of fused-ring donor units such as indacenodithiophene (IDT) or indacenodithieno[3,2-b]thiophene [5] [6] [7] [8] . Therefore, the search for novel NFAs based on unexplored building blocks is still urgently needed.
Previously, we reported an asymmetric donor unit, named indenothiophene, which was used for building ptype semiconducting D-A copolymers for the first time [34, 35] . The OSCs based on these asymmetric copolymers exhibited a high PCE up to 9.14% with a large open circuit voltage (V OC ) of 0.903 V. These previous results suggest that the indenothiophene may also be an excellent donor unit for building efficient n-type A-D-A structured NFAs.
Here, we report three new asymmetric A-D-A structured NFAs, 2-((7-(5-(2- (7- 
, which were constructed by using the indenothiophene as electron donor core, benzothiadiazole (BT) as π bridge, and dicyanovinyl, 3-ethylrhodanine, 2-(1,1-dicyanomethylene)-3-ethylrhodanine as the electron withdrawing terminal groups, respectively (Chart 1). Using poly [4,8- 
as a donor material, ITBR-based OSCs exhibit a PCE as high as 7.49% with a high V OC of 1.02 V as well as a low energy loss of 0.59 eV.
EXPERIMENTAL SECTION

Materials
Reagents were purchased from Adamas beta Ltd. and J&K Chemical Ltd., and used without further purification unless otherwise stated. Compound IT-Sn was prepared according to the work we published previously [35] . 2-((7-Bromobenzo[c][1,2,5]thiadiazol-4-yl)methylene)malononitrile (1), 7-bromobenzo[c][1,2,5]thiadiazole-4-carbaldehyde (2), 3-ethylrhodanine (4) and 2-(1,1-dicyanomethylene)-3-ethylrhodanine (5) were obtained from TCI Ltd. PTB7-Th was purchased from 1-material Inc. Zinc acetate dehydrate (99.9%), 2-methoxyethanol (99.8%), and ethanolamine (99.5%) were purchased from Sigma-aldrich Inc. MoO 3 (99.9%) was purchased from Alfa Aesar Inc. Column chromatography was conducted with silica gel 60 (400 mesh).
General methods
1 H nuclear magnetic resonance (NMR) and 13 C NMR spectra were recorded by using a Bruker AVANCE-III spectrometer. The mass spectra (MS) (MALDI-TOF) were tested on Thermo Fisher Scientific LTQ FT Ultra mass spectrometer. Absorption spectra were acquired using a Perkin-Elmer Lambda 365 UV-vis spectrometer. Cyclic voltammetry (CV) measurements were recorded in an anhydrous and nitrogen-saturated tetrabutylammonium hexafluorophosphate solution (Bu 4 NPF 6 , 0.1 mol L −1 in acetonitrile) at a scan rate of 100 mV s −1 , using a Pt disk coated with the acceptor film, Pt wire, and Ag/Ag + (0.01 mol L −1 AgNO 3 in anhydrous acetonitrile) as the working electrode, counter electrode and reference electrode, respectively. Under these conditions, the onset oxidation potential (E 1/2 ox ) of ferrocene was −0.02 V versus Ag/Ag + . Thermogravimetric analysis (TGA) was carried out on a Netzsch STA 449C instrument at a heating rate of 10°C min −1 under nitrogen flow. The X-ray radiation diffraction (XRD) data were recorded on a Bruker D8 Advance diffractometer (Cu Kα 1 irradiation, λ = 1.5406 Å) set in the grazing incidence mode (ω = 1°, 2θ varied from 5°to 55°). Solar cell characterization was performed under AM 1.5G irradiation (100 mW cm ) from an Oriel Sol3A simulator (Newport) with a NREL certified silicon reference cell. After a simple encapsulation by epoxy kits (general purpose, Sigma Aldrich) in the glove-box, the OSCs were illuminated through their indium tin oxide (ITO) sides. Current density-voltage (J-V) curves were tested in air by a Keithley 2440 source measurement unit. External quantum efficiency (EQE) spectra were measured on a Newport EQE measuring system. The film thickness data was measured by profilometer (Bruker, Dektak XT). Atom force microscopy (AFM) was conducted in the tapping mode with a Bruker Nanoscale V station.
Synthesis
The synthetic routes to the target acceptor molecules (ITBC, ITBR and ITBRC) are presented in Scheme 1.
Synthesis of ITBC
Compound IT-Sn (804 mg, 1 mmol) and compound 1 (0.87 g, 3 mmol) were dissolved in 25 mL of toluene, and the solution was degassed by bubbling with nitrogen for 30 min, then 58 mg of Pd(PPh 3 ) 4 was added into the solution. The mixture was degassed again by bubbling with nitrogen for 15 min. The reaction solution was heated to reflux for 24 h. After removal of the solvent, the crude product was purified through a silica gel column with petroleum ether/ CH 2 Cl 2 (2:1) to give compound ITBC as a dark-red solid (386 mg, 43% 
Synthesis of compound 3
The preparative procedure was the same as that used for compound ITBC. Quantities: compound IT-Sn (1.37 g, 1.7 mmol), compound 2 (1.23 g, 5.1 mmol), Pd(PPh 3 ) 4 
Synthesis of ITBR
Compound 3 (300 mg, 0.37 mmol), compound 4 (238 mg, 1.48 mmol), 0.4 mL of dry pyridine and 25 mL of CHCl 3 were added to a 50-mL flame-dried round-bottom flask. After flushed with N 2 for 30 min, the reaction solution was heated to reflux for 24 h. Upon cooling to room temperature, the mixture was precipitated from methanol and filtered. The crude product was purified through a silica gel column with petroleum ether/CH 2 Cl 2 (2:1) to give compound ITBR as a dark-red solid (207 mg, 51% 
Synthesis of ITBRC
The preparative procedure was the same as that used for . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Device fabrication
OSCs were fabricated with the structure of ITO/ZnO/active layer/MoO 3 /Ag. Firstly, the ITO glass was cleaned by ultrasonication sequentially in detergent, water, acetone, and isopropyl alcohol for 30 min each and then dried overnight in an oven. Then the ZnO precursor solutions (0.23 mol L −1 in 2-methoxyethanol, ethanolamine as a stabilizer) were spin-coated onto the top of the ITOglasses, which were pretreated by UV-O 3 for 15 min. The films were first annealed on a hot plate at 130°C for 10 min. Then they were thermally annealed in an oven (200°C ) for an hour. The PTB7-Th:ITBR blend (1:2 by weight) was dissolved in chlorobenzene:diphenyl ether (CB/DPE, v/v, 98/2) with a concentration of 25 mg mL −1 . The mixture was stirred for a few hours at 50°C. The solution was spin-coated inside the glovebox. Finally, 10 nm MoO 3 and 100 nm Ag top electrode were deposited onto the active layer under vacuum. The active area of OSCs was fixed at 6 mm 2 . Electron mobility was measured using the space charge limited current model (SCLC), using a diode conguration of ITO/ZnO/active layer/Ca/Al, and taking current-voltage measurements in the range of 0−11 V in the dark. The SCLC mobilities were estimated by fitting the results to the Mott-Gurney relationship,
where J is the current density, ε 0 is the permittivity of free space (8.85×10 −12 F m −1 ), ε r is the dielectric constant of the active layer material (assumed to be 3, which is a typical value for organic semiconductors), μ is the electron mobility, V is the voltage drop across the device (V = V appl -V bi , where V appl is the applied voltage to the device, and V bi is the built-in voltage due to the difference in work function of the two electrodes), and L is the active layer thickness.
RESULTS AND DISCUSSION
Synthesis and thermal properties
The first target molecule ITBC was facilely synthesized via a Stille coupling reaction between IT-Sn and 1 in 43% yield. The other two target acceptors were synthesized in two steps, and the key intermediate 3 was prepared in 76% yield by the coupling reaction between IT-Sn and 2. The final Knoevenagel condensation between 3 and 4 (or 5) in the presence of pyridine afforded ITBR (or ITBRC) in 51% (or 47%) yield. The chemical structures of the target acceptors were characterized by 1 H NMR, 13 C NMR and MS, and their purity were further confirmed by elemental analysis. ITBC, ITBR and ITBRC exhibit good solubility in common organic solvents such as dichloromethane, chloroform and chlorobenzene at room temperature and can be solution-cast to form smooth films. TGA indicated that all the target molecules possess good thermal stability with a 5% weight-loss up to 375°C which could meet the requirement of device fabrication (Fig. S1 ).
Optical properties
The UV-vis absorption spectra of the three acceptors in diluted chloroform solutions and in thin films are shown in Fig. 1 . Their absorption data are summarized in Table 1 . All molecules showed one high-energy band and one lowenergy band, where the absorption band at~300-450 nm is attributed to the π-π* transition of the conjugated backbone while the low-energy absorption band at~450-850 nm is originated from the intramolecular chargetransfer (ICT) from the donor core to the terminal acceptors. In solution, ITBRC and ITBC showed a distinct red-shifted absorption in comparison with ITBR, due to the negative inductive effect of the nitrile groups. As shown in Fig. 1b, ITBR, ITBRC and ITBC in thin film show broader absorption in the wavelength region from 460 to 850 nm, and exhibit red-shifts of 51, 39 and 49 nm, respectively, in comparison to their corresponding absorption maxima in solution, which can be attributed to the solid-state packing induced conformational change into a more coplanar conjugated molecular backbone. In addition, there are bathochromically shifted absorption peaks going from ITBR (640 nm) to ITBRC (648 nm), and to ITBC (661 nm), due to the increase in the electron withdrawing ability of their terminal units. This trend is consistent with that observed in solution. Optical bandgaps (E g opt ) of ITBR, ITBRC and ITBC were estimated to be 1.71, 1.63 and 1.59 eV, respectively, according to the absorption edges of the thin films.
Electrochemical properties
The electrochemical properties of the molecules were investigated by CV. The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels were estimated from the onset oxidation and reduction potentials, respectively, assuming the absolute energy level of Fc/Fc + to be −4.80 eV. CV curves are shown in Fig. 2 and the results are listed in Table 1 . The HOMO energy levels of ITBR, ITBRC and ITBC were calculated to be −5.55, −5.60 and −5.64 eV, while their LUMO energy levels were −3.71, −3.82 and −3.94 eV, respectively. The HOMO and LUMO energy levels for the three molecules became deeper going from ITBR to ITBRC, and to ITBC, due to the introduction of strong electron withdrawing groups (malononitrile). Especially, when the malononitrile was used directly as the terminal unit, ITBC exhibited the deepest HOMO and LUMO energy levels. One may find larger shifts in the LUMO levels of these acceptors in comparison with their HOMO level changes, which is due to the fact that the LUMO and HOMO energy levels of molecules are mainly determined by their electron withdrawing terminal units and electron donating core units, respectively. The electrochemical bandgaps (E g cv ) of ITBR, ITBRC and ITBC estimated from the CV data were 1.84, 1.78 and 1.70 eV, respectively, following the trend of their optical bandgaps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Photovoltaic properties
The photovoltaic performances of the acceptors were investigated by fabricating solar cells with an inverted configuration of ITO/ZnO/active layer/MoO 3 /Ag, and using PTB7-Th as the electron donor material. The optimal fabrication conditions for producing the PTB7-Th:ITBR BHJ layers were obtained by varying the PTB7-Th:ITBR weight ratios, and by tuning the solvent compositions through mixing a trace amount of diphenyl ether (DPE) with chlorobenzene (Tables S1 and S2 ). The thickness of the active layer is~90 nm. The best performance devices for the three acceptors were fabricated without thermal annealing at a D/A ratio of 1:2 (wt./wt.), 2 v.% DPE additive in chlorobenzene. The J-V curves for the best devices are shown in Fig. 3a and the device parameters are summarized in Table 2 . Without any additive, the best performance OSC based on PTB7-Th:ITBR exhibited a PCE of 5.89% with a V OC of 1.03 V, a short circuit current density (J SC ) of 12.29 mA cm −2 , and a fill factor (FF) of 46.42%. When 2% DPE was added, the device based on PTB7-Th:ITBR showed an increased PCE of 7.49% with the simultaneously enhanced J SC of 14.46 mA cm −2 and FF of 51.02%. It is worth noting that the high V OC of 1.02 V represents one of the highest values among PTB7-Thbased devices and accounts for less than 0.6 eV of energy loss, which is even lower than the empirical suggested minimum photon energy loss for efficient charge generation in OSCs [36] . However, there is still room for improvement of the performance of this new acceptor considering the relatively small FF compared to those of the analog materials with symmetric structures based on IDT [33] . For the OSCs based on ITBC and ITBRC, the V OC decreased to 0.79 V and 0.90 V, respectively, due to their deeper LUMO energy levels. The PTB7-Th:ITBCbased OSCs exhibited a best PCE of 6.27% with a V OC of 0.79 V, a J SC of 13.34 mA cm −2 , and a FF of 59.49%, while ITBRC displayed a lower PCE of 4.26% with a V OC of 0.91 V, a J SC of 9.21 mA cm −2 , and a FF of 51.04%. To verify the accuracy of the PCE measurements, external quantum efficiencies (EQEs) of the OSCs based on the three acceptors with DPE were measured and the EQE spectra are depicted in Fig. 3b . The OSCs based on these three acceptors show broad photoresponse in the range from 300 to 850 nm. The maximum EQE values of ITBR, ITBC and ITBRC-based devices are 69.6%, 59.6%, and 48.5%, respectively. The ITBR-based device exhibited the highest average EQE values among the three acceptors. The J SC values of ITBR, ITBC and ITBRC-based devices calculated from the integration of EQE spectra with the AM 1.5G reference spectrum are 13.89, 12.90 and 9.23 mA cm −2 , respectively, which are in good agreement with the J SC values obtained from the J-V measurements. Film morphology and charge carrier mobilities AFM was performed to investigate the surface morphology of these three active layers. The AFM height images for the three active layers with or without DPE are shown in Fig.  4 . It can be found that all films present similar smooth surface with a root-mean-square (RMS or R q ) roughness of 1.63 nm for PTB7-Th:ITBR, 1.66 nm for PTB7-Th:ITBC, and 1.47 nm PTB7-Th:ITBRC, respectively, when no DPE was added. However, after the addition of DPE, the blend film based on ITBR became smoother with a decreased RMS roughness of 1.25 nm, while the RMS roughnesses for ITBC and ITBRC-based films increased to 2.01 nm and 3.07 nm, respectively. The greatly reduced RMS roughness for the PTB7-Th:ITBR blend with DPE additive may explain the higher percentage of PCE enhancement for the OSCs with DPE. However, the investigation on detailed morphology-performance relationships is still needed in our ongoing research. Besides, XRD experiments were used to study the crystallinity of the pure acceptors. As shown in Fig. S2 , the films of the three acceptors show no obvious XRD peaks indicating their amorphous nature. The charge carrier mobilities of PTB7-Th:ITBR, PTB7-Th:ITBRC and PTB7-Th:ITBC devices were evaluated by using the SCLC model for electron-only devices with the device structure of ITO/ZnO/active layer/Ca/Al (Fig. S3) .
The electron mobilities of ITBR, ITBC and ITBRC-based devices are 1.51×10 −5 , 2.89×10 −5 , and 1.33×10 −5 cm 2 V −1 s −1 , respectively. The device based on ITBC demonstrated the highest electron mobility among the three acceptors, which explained its improved FF values for the corresponding devices. At the same time, the hole mobility of the donor polymer was evaluated by using the SCLC model for hole-only devices with a device structure of ITO/PEDOT:PSS/PTB7-Th:ITBC/MoO 3 /Au (Fig. S4) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
CONCLUSIONS
In summary, three non-fullerene acceptors based on an asymmetric donor unit of indenothiophene were designed, synthesized and characterized. Their bandgaps and energy levels can be easily tuned by varying the electron withdrawing ability of the terminal groups which have significant effects on the performance of OSCs. The best performance OSCs based on these acceptors achieved a high PCE up to 7.49% and a high V OC of 1.02 V together with a low energy loss of 0.59 eV, all of which indicate that the asymmetric indenothiophene-cored small molecules can be a new type of non-fullerene acceptors for high performance OSCs. 
